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Noncoordinate Expression of Odorant Receptor Genes
Tightly Linked in the Zebrafish Genome
Alison L. Barth,* Jason C. Dugas, each cell expresses only one odorant receptor, such
that the cell exhibits a high degree of specificity basedand John Ngai
on the odorant binding properties of a singular (ratherUniversity of California
than multiple) receptor type(s). Results from in situDepartment of Molecular and Cell Biology
hybridization studies using odorant receptor-specificDivision of Neurobiology
probes are consistent with the notion that an individualLife Sciences Addition
olfactory neuron expresses only a small number of odor-Berkeley, California 94720
ant receptor genes (Ngai et al., 1993a; Ressler et al.,
1993). However, it remains to be determined whether
highly related odorant receptor subfamily members areSummary
expressed in the same or different olfactory neurons.
Since single amino acid changes have been shown toWe have characterized the organization and expres-
alter ligand binding in other seven-transmembrane do-sion of odorant receptor genes clustered within z100
main receptors (reviewed by Strader et al., 1994), it iskb of the zebrafish genome. Physical analysis of this
likely that the small number of amino acid changes ob-genomic region reveals that the receptor genes are
served between members of a subfamily allow eachtightly linked in tandem arrays. The expression pat-
receptor to bind to a distinct but possibly overlappingterns of these genes were evaluated during develop-
set of ligands. Thus, the discriminatory capacity of thement as well as in theadult olfactory epithelium. Highly
olfactory system would be maximized by expressingrelated genes from this array are expressed individu-
these highly related receptors in different cells.ally in different olfactory neurons, suggesting that the
Given that the response specificity of an olfactorydiscriminatory capacity of the vertebrate olfactory
neuron depends primarily on the odorant receptor(s)system has been maximized by segregating the most
it expresses, how does an olfactory neuron select asimilar receptors into distinct cellular pathways. Fur-
particular receptor to express from the large repertoirethermore, genes from this cluster are activated at
of genes? This problem may be simplified through adifferent times of development. Together, these re-
series of hierarchical decisions, whereby an individualsults indicate thatgenomically linked odorant receptor
cell might be restricted to express one gene from agenes are not coordinately regulated.
limited subset of the entire repertoire. A restriction might
be imposed based on the lineage of the cell or its precur-
Introduction sors, their positions in the olfactory epithelium, and/
or the time at which they are born and mature during
Olfactory detection is initiated by the interaction of odor- development. We have shown previously that the onset
ant molecules with receptors on the cilia of olfactory of odorant receptor expression occurs asynchronously
sensory neurons (reviewed by Reed, 1992b). A large in the developing olfactory placode; some receptor
multigene family thought to encode these receptors has genes are activated early in embryogenesis, whereas
been identified in many vertebrate species (Buck and others are not expressed until later stages in develop-
Axel, 1991; Parmentier et al., 1992; Ngai et al., 1993b; ment (Barth et al., 1996). Once activated, each receptor
Ressler et al., 1993; Ben-Arie et al., 1994; Freitag et al., gene continues to be expressed throughout adult life.
1995; Issel-Taver and Rine, 1996; Barth et al., 1996; Byrd These findings led to the suggestion that temporal
et al., 1996; Leibovici et al., 1996; Nef et al., 1996; Weth waves of odorant receptor gene expression reflect a
et al., 1996). These genes belong to the superfamily mechanism for restricting the number of transcription-
encoding G protein-coupled receptors whose protein ally competent receptor genes at different times of de-
products exhibit a seven transmembrane domain struc- velopment (Barth et al., 1996).
ture (reviewed by Strader et al., 1994). The repertoire of Because odorant receptor genes are clustered in
odorant receptor genes is extremely large, numbering mammalian genomes (Reed, 1992a; Ben-Arie et al.,
around 100 in fish toas many as 1000 for some mammals 1994; Issel-Taver and Rine, 1996; Sullivan et al., 1996),
(Buck and Axel, 1991; Ngai et al., 1993b; Barth et al., and because such clustering has been shown to be
1996). The size and diversity of the odorant receptor important in the regulation of other multigene families,
gene family is consistent with the notion that these re- it has been hypothesized that the genomic organization
ceptors bind to a large array of chemical stimuli. of odorant receptor genes might provide a physical ba-
How does the olfactory system use these receptor sis for a hierarchy in their regulation (Ressler et al., 1993;
genes to encode information about odorant stimuli? In Vassar et al., 1993; Chess et al., 1994; Barth et al., 1996).
one model, each olfactory neuron expresses a small In one locus-dependent model, genes within a cluster
subset of odorant receptor genes. Thus, the organism are activated at the same time during embryonic devel-
could discriminate between odorants by determining opment due to the activity of a common cis-acting regu-
which neuron, and therefore which specific receptor, latory element (Barth et al., 1996). Alternatively, the de-
has been activated. In an extreme form of this model, velopmental regulation of odorant receptor genes may
rely instead on stage-specific trans-acting factors (or
combinations thereof), which act on the individual re-*Present address: Department of Physiology, College of Cardiff,
University of Wales, Cardiff, Wales, United Kingdom. ceptor genes.
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To evaluate the aforementioned models for olfactory common bands in genomic Southern blots under condi-
tions of high stringency. The present results using recep-coding and odorant receptor gene regulation, we char-
acterized the expression patterns of odorant receptor tor 2 and receptor 6 cDNAs give a more accurate
assessment, however, since the PCR clones used pre-genes which are tightly linked within a z100 kb region
of the zebrafish genome. We find that highly related viously contain only a portion of the receptor coding
region (from the third intracellular loop through a portionreceptor genes within the cluster are expressed in dis-
tinct olfactory neurons. These data suggest that the of the seventh transmembrane domain).
Two full-length sequences from another receptor sub-peripheral olfactory system maximizes its discrimination
capabilities by expressing highly related receptors in family were isolated by screening the olfactory cDNA
library with a PCR-generated probe for receptor 13different cells. We further demonstrate that a genomic
locus does not define a temporal class, as receptor (Barth et al., 1996). While these two cDNAs, receptor 13
and receptor 13.8, are divergent from the receptor 2/6genes expressed early in development lie adjacent to
genes expressed much later. Thus, physically linked subfamily, they share 60% amino acid identity to each
other and therefore represent a distinct subfamily, theodorant receptor genes are not coordinately regulated
through a locus-dependent mechanism. The expression receptor 13 subfamily (Figure 1).
of a particular receptor gene by an olfactory neuron,
therefore, is likely due to the interaction of specific trans-
Genomic Organization of Members of the Receptoracting factors (or combinations of such factors) with
2/6 and Receptor 13 Subfamiliesgene-specific regulatory sequences.
To determine whether odorant receptors are linked in
the zebrafish genome, we analyzed their genomic orga-
nization using a bacterial artificial chromosome (BAC)Results
library (Shizuya et al., 1992). A BAC library was prepared
using genomic DNA derived from a single AB strain maleIsolation and Characterization of Zebrafish
Odorant Receptor cDNAs zebrafish (see Experimental Procedures). Approximately
four genome equivalents were screened with a mixtureHighly related odorant receptor genes have been found
to be linked within other vertebrate genomes (Reed, of odorant receptor cDNAs from the receptor 2/6 sub-
family; positive clones were further screened with indi-1992a; Ben-Arie et al., 1994; Issel-Taver and Rine, 1996;
Sullivan et al., 1996). To establish whether odorant re- vidual 39 untranslated region sequences. Six strongly
positive clones were identified from this secondaryceptor genes are similarly clustered in the zebrafish
genome, we initiated our studies by characterizing a screen; all of these clones overlapped the same z100
kb genomic region, as determined by restriction digestsubfamily of highly related zebrafish odorant receptor
genes. Odorant receptor genes are operationally de- and DNA blot analysis (Figure 2). This region also con-
tains genes encoding receptor 13 and receptor 13.8.fined as members of a subfamily if they share 60% or
more amino acid identity (Lancet and Ben-Arie, 1993). We next determined whether this stretch of DNA con-
tains other odorant receptor genes by performing PCRA zebrafish olfactory cDNA library prepared from adult
olfactory rosettes was screened with two receptor se- on restriction fragments spanning the entire region (the
so-called BAC contig), using degenerate oligonucleo-quences cloned in our original PCR-based screen, re-
ceptor 2 and receptor 6 (Barth et al., 1996). In addition tide primers specific for odorant receptor sequences.
We found that PCR products of the expected size wereto identifying the full-length cDNAs for these two recep-
tors, we found four other cross-hybridizing cDNAs that produced in all restriction fragments where we had pre-
viously localized odorant receptor genes (data notrepresent novel genes of the receptor 2/6 subfamily
(Figure 1). Two of these genes share more than 98% shown). We also obtained PCR products from restriction
fragments in which we did not expect to find odorantnucleotide identity in their coding as well as untranslated
regions; the two sequences (hereafter referred to as receptor sequences. Cloning and sequencing of these
products revealed that they are members of the receptorreceptor 2.3) probably represent alleles of the same
gene and were therefore used interchangeably in subse- 2/6 subfamily (receptor 2.5, receptor 2.6, and receptor
2.7; see Figure 1). Based on a comparison of Southernquent experiments. Three additional members of this
subfamily were identified based on their physical linkage blots prepared from genomic and BAC DNAs, we believe
that the genes identified in this BAC contig representto other receptor 2/6 subfamily genes (see below). The
proteins encoded by these eight genes share between most of the receptor 13 and receptor 2/6 subfamily
members (data not shown).71% and 84% amino acid identity. As has been de-
scribed for other odorant receptor gene families (Buck The position and transcriptional orientation of the ten
odorant receptor genes identified in the BAC contig wereand Axel, 1991; Ngai et al., 1993b), the receptor 2/6
subfamily exhibits slightly greater divergence within the obtained through a combination of restriction digests,
blot hybridizations, and DNA sequencing; the results ofputative ligand-binding region, the sequence from the
third transmembrane domain to the end of fifth trans- these analyses are summarized in Figure 2. Within this
z100 kb stretch of genomic DNA, the receptor 2/6 sub-membrane domain, than outside this region (see Figure
1). It should be noted that in our original description of family members reside on one side of the contig and
are slightly more distant from the genes encoding recep-the zebrafish odorant receptor gene family (Barth et
al., 1996) we considered receptor 2 and receptor 6 as tors 13 and 13.8 than they are from each other. Interest-
ingly, the eight highly related receptor 2/6 subfamilymembers of distinct subfamilies, because the PCR
clones representing these genes did not hybridize to genes are tightly clustered, and all reside within 60 kb
Figure 1. Deduced Amino Acid Sequences Encoded by Zebrafish Odorant Receptor Genes
Amino acid sequences deduced from the genomic copy of each identified receptor gene are shown; these sequences differ from the
corresponding cDNAs at only a few residues (data not shown; where available, both genomic and cDNA sequences have been deposited in
GenBank). Bold lines indicate the predicted transmembrane domains and are numbered accordingly. The sequences are divided into the
receptor 2/6 subfamily (A) and the receptor 13 subfamily (B); amino acid residues conserved among members of the respective subfamilies
are shaded. The ª*º in the middle of the receptor 13.8 sequence represents the stop codon found within this genomic sequence, which is
likely to represent a pseudogene (see text for details).
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Figure 2. Map of a Zebrafish Odorant Receptor Gene Cluster
Six overlapping BAC clones were analyzed to generate a map of a genomic region containing at least nine transcribed odorant receptor genes
and one pseudogene. The position and transcriptional orientation of the receptor genes in this region are shown (top). Genes are represented
by boxes; transcriptional orientation (sense direction) is indicated by the direction of the arrow. Restriction endonuclease Bam HI (bars with
circles), Cla I (bars with triangles), and Nhe I (bars with squares) sites were mapped on BAC 1 and BAC 37 DNAs; Nhe I sites were mapped
on all BAC clones (middle). The size and location of each of the BAC clones representing this region are indicated (bottom). BAC 1 and BAC
4 overlap essentially the same region of DNA.
of DNA. The average intergenic distancebetween recep- residing in this contig appears to be a pseudogene and,
as such, was excluded from further analysis of odoranttor 2/6 subfamily members is approximately 7 kb (range,
5±11 kb) and notably shorter than the 15 kb average receptor expression.
intergenic distance found in one human odorant recep-
tor gene cluster (Ben-Arie et al., 1993). It is also interest- Do Individual Olfactory Neurons Express
Multiple Genes from the Linked Array?ing tonote that all of the receptor 2/6 subfamily members
are transcribed in the same direction. Similarly, receptor The discriminatory capacity of the vertebrate olfactory
system is defined by the specificity of each odorant13 and receptor 13.8 are transcribed from the same
strand of DNA, although in an opposite orientation from receptor for its ligand and the number of different recep-
tor types expressed per olfactory neuron. In one sce-that of the receptor 2/6 subfamily members.
In order to determine that the receptor sequences nario, odorant discrimination could be maximized by
compartmentalizing highly related receptors into dis-within the BAC contig arecapable of encoding functional
mRNAs and are not pseudogenes, all of the receptor tinct and nonoverlapping populations of cells. To evalu-
ate this model for olfactory coding, we examined thegenes identified in this contig were sequenced. Some
differences were found in comparisons with the respec- expression patterns of the genomically linked receptor
2/6 subfamily members in a series of double-label RNAtive cDNA sequences. For example, receptor 6 genomic
and cDNA sequences (which represent the most diver- in situ hybridizations. In each experiment, we hybridized
tissue sections of adult olfactory rosettes with a mixturegent pair) are 99.2% identical at the nucleotide level and
98.5% identical at the amino acid level. In addition, we of two subfamily member probes: one was labeled with
33P, and the other was labeled with digoxigenin. A totalfound that the respective 59 and 39 untranslated regions
of the genomic and cDNA receptor 6 sequences are of 25 different pairwise comparisons were made be-
tween the five odorant receptor probes.98.2% identical. The genomic library was generated
from the inbred AB strain of fish, which differs from the To ensure that the 33P- and digoxigenin-labeled
probes are equally sensitive in this assay, we performedoutbred strain from which the original receptor cDNAs
were cloned. Thus, the differences between the respec- in situ hybridizations using a mixture of the same anti-
sense RNA labeled with both 33P and digoxigenin. Wetive cDNA and genomic sequences most likely represent
allelic polymorphisms. In the case of receptor 13.8, a expected that on these control slides all receptor neu-
rons labeled with 33P probe should also be labeled withstop codon interrupts the reading frame in the middle
of the protein coding region of the genomic clone. It is the digoxigenin probe. Figures 3A±3C show a represen-
tative section of an olfactory rosette hybridized to theunclear whether an uninterrupted receptor 13.8 allele
exists in the inbred AB strain of zebrafish, or whether a same receptor sequence labeled with both detection
methods. As shown in Table 1, the frequency of colocali-highly related, functional gene resides in another lo-
cus. Nonetheless, the genomic receptor 13.8 sequence zation of the radioactive and digoxigenin-labeled probes
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Figure 3. Odorant Receptor Subfamily Mem-
bers Are Expressed in Different Olfactory
Neurons
Horizontal sections of adult zebrafish olfac-
tory rosettes were hybridized with a mix of
antisense odorant receptor gene probes la-
beled with 33P-UTP or digoxigenin-UTP. Clus-
ters of silver grains correspond to 33P signals,
whereas the dark purple histochemical reac-
tion products correspond to digoxigenin sig-
nals. Panels (a) through (c) show a control
experiment in which the same tissue section
was hybridized with receptor 2 labeled with
both 33P and digoxigenin. Panels (d) through
(f) show another section, which was hybrid-
ized with a mixture of 33P-labeled receptor 2.3
and digoxigenin-labeled receptor 2. Tissue
sections were viewed with bright-field optics
([a] and [d]), dark field optics ([b] and [e]), or
simultaneously with dark field and Nomarski
optics ([c] and [f]). In these representative
sections, all the cells labeled with the 33P-
receptor 2 probe are also labeled with the digoxigenin-receptor 2 probe (a±c), whereas all the cells labeled with the 33P-receptor 2.3 probe
are not labeled with the digoxigenin-receptor 2 probe. Scale bar, 100 mm.
was typically more than 86% for each receptor probe. of receptor mRNA colocalization. In all cases, the fre-
quency of subfamily member RNA colocalization wasThese control experiments demonstrate that our experi-
mental conditions are sufficient to detect potential in- below 5%, indicating that these receptors are not ex-
pressed with obligate partners.stances of receptor coexpression.
We next performed double-label in situ hybridizations
using different odorant receptor probes, and the number
of cells expressing each receptor gene was determined. The Population of Coexpressing Neurons
Taken at face value, the results summarized in Table 1A representative tissue section hybridized with 33P-
labeled receptor 2.3 and digoxigenin-labeled receptor suggest that at most 5% of the neurons expressing a
receptor 2/6 subfamily member express another gene2 is shown in Figures 3D±3F. The frequency of signal
colocalization for each pairwise comparison of receptor from this group of receptors. To evaluate the possible
biological significance of such low levels of coexpres-probe hybridization is tabulated in Table 1. By this analy-
sis, we observe a very low to undetectable frequency sion, we need to consider the total number of neurons
Table 1. Percentage of Signal Colocalization in Double-Label In Situ Hybridizations Using Receptor 2/6 Subfamily Member Probesa
Cells labeled with
Double-labeled with 2 2.2 2.3 2.4 6
2 89 3 6 3 2 6 1 5 6 4 0.8 6 0.8
n 5 1 n 5 3 n 5 4 n 5 3 n 5 5
(89) (79) (99) (105) (101)
2.2 1 6 1 100 0b 0b 5 6 5
n 5 3 n 5 1 n 5 2 n 5 2 n 5 4
(251) (15) (31) (58) (56)
2.3 0.6 6 0.4 0b 86 6 14 0b 0b
n 5 4 n 5 2 n 5 2 n 5 3 n 5 4
(253) (27) (10) (36) (36)
2.4 4 6 3 0b 0b 100 0.8 6 0.8
n 5 3 n 5 3 n 5 3 n 5 1 n 5 4
(332) (101) (40) (6) (70)
6 0.2 6 0.2 3 6 3 0b 0.5 6 0.5 96 6 4
n 5 5 n 5 4 n 5 4 n 5 4 n 5 3
(337) (77) (53) (99) (13)
a The values represent the percentage of cells labeled with the receptor probe listed in each column, which colocalize with signals from the
receptor probes listed in each row. For example, on average, 1% of receptor 2-labeled cells are also labeled with receptor 2.2. Where
applicable, values are given as the mean 6 SEM; n 5 number of slides scored. For each slide scored, the number of cells identified with the
first probe (labeled with either 33P or digoxigenin) was used as the denominator for the calculation of percent colocalization (% colocalization 5
[(# of cells colabeled with probes y and z)/(# of cells labeled with probe y alone)] 3 100). Numbers in parentheses indicate the total number
of cells identified with the first probe (see Experimental Procedures for details).
b A value of zero indicates that no cells were found to be positive for receptor colocalization.
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in an olfactory rosette that appear to express each sub- with other receptor sequences (see Table 1). Following
autoradiography, slides were coded and scored blind.family member (Table 2). Receptor 2 is expressed at the
highest levels of all subfamily members, at z1000 cells Whenever a portion of an olfactory placode was identi-
fied by brightfield microscopy, it was next examinedper adult rosette. From Table 1, 4% of all receptor
2-expressing neurons appear to express receptor 2.4, under darkfield optics to determine whether any recep-
tor-specific hybridization was present. For statisticala number corresponding to z50 cells per rosette that
express both receptors. This represents the largest pos- analysis, data were compiled from numerous experi-
ments and binned by slides tocontrol for any experimen-sible population of cells that might coexpress multiple
members of the receptor 2/6 subfamily. In most compar- tal variation from slide to slide; each slide typically con-
tains tissue sections representing material from aboutisons, however, the population of putative coexpressing
cells represents a smaller total number of cells. For ten different olfactory placodes. For each timepoint, the
percentage of olfactory placode sections that exhibitexample, 1% of receptor 6-expressing cells also appear
to express receptor 2.4, but this fraction represents only cells hybridizing to a given receptor probe was calcu-
lated and tabulated in Table 3. These data therefore2 neurons per olfactory rosette.
A more likely explanation for the observed low levels indicate when a specific odorant receptor gene is first
expressed in development (for experimental details, seeof receptor colocalization is that cells expressing differ-
ent receptors fortuitously overlie each other in our 20 Barth et al., 1996) and can be compared with each
gene's location in the genomic locus (Figure 2).mm-thick tissue sections; even in the complete absence
of receptor coexpression, we expect to see some fre- As shown in Table 3, theodorant receptor genes resid-
ing in this locus are activated at widely differing timesquency of signal colocalization. The probability that a
neuron overlying (or underlying) a given cell also ex- of development. Consistent with previous studies (Barth
et al., 1996), this analysis reveals at least three distinctpresses a specific receptor should be equivalent to the
frequency at which that receptor is expressed in the temporal classes: receptors 2, 2.2, 2.3, and 2.5 are first
expressed between 24 and 36 hr of development, recep-population (see Table 2). For example, individual recep-
tor 2/6 subfamily probes colocalize to 0.8%±5% of re- tors 13 and 2.4 between 36 and 48 hr, and receptor 6
at 120 hr. There is no systematic or obvious relationshipceptor 2-expressing cells, a value which is comparable
to the frequency of receptor 2-expressing cells in the between the order of genes in the locus and the timing
of receptor expression; genes expressed early in de-total olfactory neuron population (z2.5%; Barth et al.,
1996). velopment are intermingled among genes expressed
late in development (schematized in Figure 4). Thus,Taken together with these considerations, our data
suggest that most, if not all, olfactory neurons express the receptor genes within this locus are not segregated
according to their window of activation during develop-just one member of a receptor gene subfamily. More-
over, if receptor subfamily members are coexpressed ment, nor does their order in the locus correlate with
the timing of expression of the individual genes.together in the same olfactory neuron, the number of
such neurons is vanishingly small and indistinguishable
from the number that can be attributed to receptor local- Discussion
ization to two overlying cells.
In this paper, we have characterized odorant receptor
genes that are tightly linked within a z100 kb region ofDevelopmentally Regulated Expression
of the Linked Odorant Receptor Genes the zebrafish genome. The organization of these genes
is remarkable in that they are tightly clustered along theTo determine whether closely linked receptor genes are
coordinately regulated during development, we exam- chromosome, exhibiting intergenic distances as small
as z5 kb. As found for an odorant receptor gene clusterined the developmental expression patterns of seven of
the clustered receptor 2/6 and receptor 13 subfamily on human chromosome 17 (Ben-Arie et al., 1994), diver-
gent zebrafish receptor genes (the receptor 13 and re-genes. Briefly, radioactive in situ hybridizations were
carried out on 10 mm tissue sections containing staged ceptor 2/6 subfamilies) are found in close proximity to
one another, albeit at different ends of the genomicembryonic material. Under our in situ hybridization con-
ditions, the individual probes do not cross-hybridize array of receptors. The disposition and orientation of
Table 2. Number of Cells Hybridizing to Individual Odorant Receptor Probes in the Adult Zebrafish Olfactory Epitheliuma
Receptor
Probe 2 2.2 2.3 2.4 2.5 6
1034 6 154b 196 6 1 463 6 34 160 6 31 127 6 8 176 6 26b
n 5 4 n 5 2 n 5 2 n 5 2 n 5 6 n 5 4
a Values indicate the mean number of cells per adult olfactory rosette hybridizing to each odorant receptor probe by in situ hybridization.
Each rosette scored contains between 10 and 13 lamellae. Values are given as the mean 6 SEM; n 5 number of rosettes scored. The z1000
receptor 2-expressing cells in each rosette correspond to roughly 2.5% of the olfactory neuron population (Barth et al., 1996).
b Data from Barth et al., 1996. The values for SEM differ from those reported previously, due to a corrected calculation of this parameter for
the present study. Mean values remain unchanged.
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Table 3. Percentage of Olfactory Placode Tissue Sections Demonstrating Odorant Receptor Expression by RNA In Situ Hybridizationa
Stage post-fertilization
Receptor
Probe 24 hr 30 hr 36 hr 48 hr 72 hr 120 hr
2.5 0.8 6 0.8 23 6 3 10 6 0.4 22 6 2 45 6 4 N.D.
n 5 2 n 5 2 n 5 2 n 5 2 n 5 2
(101) (106) (199) (101) (98)
2c 0b 3 6 3 17 6 8 33 6 5 31 6 12 68
n 5 3 n 5 3 n 5 5 n 5 3 n 5 3 n 5 1
(111) (139) (232) (181) (46) (22)
2.2 0b 4 6 4 7 6 2 13 6 4 22 6 9 N.D.
n 5 5 n 5 5 n 5 5 n 5 3 n 5 3
(126) (246) (316) (196) (129)
2.3 0b 1 6 1 16 6 0.2 25 6 3 20 6 3 46
n 5 3 n 5 3 n 5 2 n 5 2 n 5 2 n 5 1
(44) (182) (117) (70) (90) (28)
13c 0b 0b 0.5 6 0.5 23 6 5 27 6 7 60 6 9
n 5 3 n 5 4 n 5 4 n 5 3 n 5 3 n 5 2
(81) (213) (175) (178) (139) (179)
2.4 0b 0b 0b 4 6 0.8 13 6 13 10
n 5 1 n 5 3 n 5 3 n 5 4 n 5 2 n 5 1
(14) (343) (221) (187) (12) (10)
6c 0b 0b 0b 0b 0b 4 6 2
n 5 2 n 5 4 n 5 4 n 5 3 n 5 4 n 5 3
(39) (153) (110) (146) (224) (164)
a Where applicable, values are given as the mean 6 SEM; n 5 number of slides scored. Numbers in parentheses indicate the total number
of placode sections that were identified for each timepoint. Each slide typically represents material from approximately 10 different olfactory
placodes (see the text and Experimental Procedures).
b A value of zero indicates that no olfactory placode sections were found to be positive for receptor expression.
c Data from Barth et al., 1996. The values for SEM differ from those reported previously, due to a corrected calculation of this parameter for
the present study. Mean values remain unchanged.
the genes within each subfamily is consistent with the and larval development. Our studies reveal that the
genes within this array are activated at different times ofnotion that the odorant receptor repertoire has ex-
panded through tandem duplication events (see also development. Moreover, the most highly related genes
from this cluster are expressed in distinct subpopula-Ben-Arie et al., 1994; Glusman et al., 1996). To determine
whether the clustering of these genes bears any relation tions of olfactory neurons. Together, these results indi-
cate that linked odorant receptor genes are not coordi-to their modes of regulation, we analyzed their expres-
sion patterns in the adult as well as during embryonic nately regulated. The observed patterns of receptor
Figure 4. The Relationship between the Timing of Receptor Gene Expression and Gene Location within the Genomic Cluster
A comparison of the data presented in Figure 2 and Table 3 is schematized in this figure. Genes are represented by boxes, with the individual
designations indicated over each box. Transcriptional orientation (sense direction) is indicated by the direction of the arrow. The onset of
expression of each gene during development is indicated by the different patterned shadings within the respective boxes, and are categorized
into the following developmental classes: early (24±36 hr postfertilization), middle (36±48 hr), and late (>120 hr). Receptor 2.6 is expressed
beginning at 31±38 hr of development, as determined independently by Byrd et al., 1996, and therefore is placed in the early class of receptors.
The timing of expression of receptor 2.7 was not determined, and receptor 13.8, a pseudogene, was excluded from this analysis; the boxes
representing these genes therefore remain unshaded.
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gene expression allow us toevaluate models of olfactory known receptor 2/6 subfamily members. While it is for-
mally possible that some coexpression might occur withcoding and odorant receptor gene regulation.
the three untested genes, we deem this to be unlikely
based on the expression characteristics of the five
Highly Related Odorant Receptors Are Expressed genes examined in the present study.
in Different Olfactory Neurons
A critical issue in the encoding of olfactory information
is how the olfactory system uses the diversity of receptor Genomic Organization and the Regulation
of Odorant Receptor Gene Expressiongenes to represent information about odorant stimuli.
The expansion and diversification of the odorant recep- The clustering of odorant receptor genes in vertebrate
genomes (Reed, 1992a; Ben-Arie et al.,1994; Issel-Tavertor gene family during evolution suggests that new re-
ceptors may provide a selective advantage to an organ- and Rine, 1996; Sullivan et al., 1996) has led to the
suggestion that physically linked receptor genes mayism by virtue of their enhanced affinity (and therefore
greater specificity) for particular odorous ligands (Ngai share common regulatory features (Ressler et al., 1993;
Vassar et al., 1993; Chess et al., 1994; Barth et al., 1996).et al., 1993b). Thus, the organism would acquire the
capability to detect odorants with greater sensitivity. If For example, we have hypothesized that temporal
waves of odorant receptor gene expression may reflectthe receptors are also expressed in distinct cells, the
system would then have the added capacity to discrimi- a mechanism for restricting the number of transcrip-
tionally competent receptor genes at different times ofnate among odorants using these newly evolved recep-
tors. In the present study, we asked whether highly re- development (Barth et al., 1996). In one model, receptor
genes which residewithin the same genomic locus com-lated members of an odorant receptor subfamily are
expressed in common or distinct olfactory neurons. As prise a temporal class in the developing zebrafish.
Developmentally regulated cues might then allow thea group, these receptors are expected to recognize a
class of odorants whose members share common struc- transcription of these genes at specific times through
the action of a common stage-specific cis-acting regula-tural features, with each subfamily member displaying
varying affinities toward specific chemicals within that tory element (see Grosveld et al., 1987; Wang et al.,
1992; Chess et al., 1994). In the present study, we findclass (see Buck and Axel, 1991; Ngai et al., 1993b). We
find that individual members of one receptor subfamily that the genes clustered within a z100 kb region of the
zebrafish genome are activated at different develop-are expressed largely, if not exclusively, in nonoverlap-
ping subsets of cells. Our results suggest that the capac- mental stages. Our results therefore rule out a model
in which a single stage-specific cis-acting regulatoryity to discriminate distinct odorant stimuli is maximized
by expressing highly related odorant receptors in differ- element governs gene expression from a genomic locus,
such that the genes within a cluster are activated at theent olfactory neurons. By way of contrast, chemosen-
sory neurons in the worm express multiple members of same time of development. Moreover, as demonstrated
here for receptor 2/6 subfamily members, highly relateda G protein-coupled receptor gene family thought to
encode odorant or pheromone receptors (Troemel et genes within a locus are expressed in distinct subpopu-
lations of cells in the adult olfactory epithelium.al., 1995). Indeed, individual worm sensory neurons can
encode multiple and diverse sensory submodalities In rodents, a receptor gene is expressed in one of
four broad yet anatomically distinct zones within the(i.e., one odorant versus another) and modalities (chemo-
sensation, mechanosensation, and osmosensation) olfactory epithelium (Strotmann et al., 1992; Ressler et
al., 1993; Vassar et al., 1993). This spatial restriction isthrough independent signaling pathways (Colbert and
Bargmann, 1995; Hart et al., 1995; Maricq et al., 1995; apparent as soon as odorant receptors first appear in
the developing olfactory placode (Nef et al., 1992; Strot-reviewed by Kaplan, 1996).
The conclusion that vertebrate olfactory neurons ex- mann et al., 1995; Sullivan et al., 1995). Zonal patterns
of odorant receptor expression have also been de-press a single gene from an odorant receptor subfamily
should be tempered by the following considerations. scribed in the zebrafish olfactory epithelium (Weth et
al., 1996). In contrast to rodents, however, these zonesFirst, there is a small fraction of cells over which we
observe coincident signals from two receptor probes; are diffuse and overlapping, such that cells residing in
different zones are intermingled among one another.this fraction (0%±5% of the total number of signals) is
comparable to the expected frequency of colocalization Might the genomic organization of these genes underlie
their restricted expression to spatial zones in the olfac-in the absence of any receptor coexpression (see Re-
sults). However, we cannot rule out the possibility that tory epithelium? In the mouse, genetic mapping of odor-
ant receptor genes has suggested that genes within asome of these colocalizing signals arise from the true
coexpression of multiple receptors in a single cell. Sec- locus are not necessarily expressed in the same zone
(Sullivan et al., 1996). This conclusion should be viewedond, it is possible that the olfactory neurons we identi-
fied in our in situ hybridizations in fact express one of with caution, however, since the mapping resolution of
these studies was limited to 1.5±2.8 centimorgansthe subfamily member genes at levels too low to be
detected by our assay. Nonetheless, a difference in the (where 1 centimorgan corresponds to roughly 1 mega-
base of DNA), an interval which, in theory, could containrelative expression levels of two or more receptors
would still provide a mechanism by which the olfactory several independently regulated gene clusters. None-
theless, physical mapping of a mouse genomic regionsystem can discern the activity of one receptor from
another within the subfamily. Third, we have analyzed indicates that seven receptor genes clustered within
z400 kb are expressed in different zones (J. Edmundsonthe expression patterns of only five out of the eight
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and blood cells were washed and resuspended in molten agaroseand R. Axel, personal communication). Thus, physical
to make DNA-agarose plugs. Plugs were treated with 200 mg/mllinkage of odorant receptor genes appears to impose
proteinase K in 0.5 M EDTA and 1% sodium sarkosyl for 48 hr atneither spatial nor temporal restrictions on odorant re-
508C, with one change of lysis solution. Plugs were then dialyzed
ceptor gene expression. These findings indicate that against 10 mM Tris and 1 mM EDTA (TE) twice for 1 hr each at room
physically linked odorant receptor genes are not coordi- temperature, for 1 hr at 508C, and then twice for 30 min at 508C in
nately regulated, suggesting that their expression TE with phenylmethylsulfonyl fluoride (PMSF). A DNA library was
then prepared in a BAC vector by Genome Systems, Incorporated.appears to be governed by the interaction of specific
Briefly, the zebrafish genomic DNA was subjected to partial Hind IIItrans-acting factors (or combinations of such factors)
digestion and was subsequently size fractionated by pulsed-fieldwith gene-specific regulatory sequences.
gel electrophoresis. Fragments between 40 and 250 kb were ligated
into the pBeloBAC II vector and electroporated into DH10B compe-
The Expansion of the Odorant Receptor tent cells. Insert sizes ranged from 40±250 kb, with an average insert
Repertoire and the Diversity size of 95 kb. Colonies were picked and arrayed onto nylon filters
of Olfactory Neurons in duplicate to minimize analysis of false positives. A total of 18,350
independent clones were arrayed onto each filter, and a total ofIt is interesting to consider how natural selection might
four filters were screened. Based on the calculated average inserthave affected the regulation of the newest members of
size of the BAC clones, the number of colonies arrayed on the filtersthe olfactory receptor gene family. The family of odorant
provides about fourfold representation of the genome.
receptor genes is thought to have arisen through a series BAC filters were screened with a pool of zebrafish odorant recep-
of tandem duplications during evolution, expanding a tor cDNAs. Positive clones were then hybridized with the 39 untrans-
primordial repertoire by processes such as unequal lated sequences of the cDNAs we had selected for study. Six BACs
were identified that represented the same genomic region, ascrossing-over between chromatids (Ben-Arie et al.,
assessed by restriction mapping and blot hybridizations. A compre-1994; Glusman et al., 1996). The subfamily of genes
hensive restriction map was generated based on analysis of BACwe analyzed follows this model, as they all lie in close
plasmids as well as subclones containing restriction fragments de-
proximity of each other within the genome. Following rived from BAC 1 and BAC 37. Identification and localization of
duplication, homologous genes are thought tohave sub- genes encoding previously cloned odorant receptor cDNAs was
sequently diverged in primary sequence, as dictated by carried out through restriction mapping and blotting of subcloned
molecular drift and selection pressures. A larger odorant inserts derived from these BAC plasmids. DNA sequence analysis
of restriction fragment terminiwas also employed to verify restrictionreceptor gene repertoire might increase fitness by
site locations. To identify novel receptor sequences residing withinallowing the animal to detect odorants with increased
the BAC contig, PCR was performed on overlapping restriction frag-sensitivity, perhaps by expressing more receptors within
ments covering the length of the genomic region studied, using
a single cell. Alternatively, an expanded receptor reper- primer pairs and PCR conditions as described previously (Barth et
toire might allow the animal to discriminate between a al., 1996). The restriction fragments analyzed provided approxi-
greater number of odorants if the newly evolved recep- mately twofold coverage of this span of DNA. All genes identified
in the contig were subjected to DNA sequencing. Four of the full-tors are expressed in different cells.
length coding region sequences reported here show 98%±100%Our data suggest that the advantages afforded by
nucleotide similarity to partial receptor PCR sequences describedincreased odorant discrimination, facilitated by the ex-
by other investigators: receptor 2 corresponds to ORZF 39 (GenBank
pression of new receptors in different cells, was a driving Accession #U44441; Byrd et al., 1996), receptor 2.5 corresponds to
force in the expansion and diversification of the odorant OR 7 (a pseudogene; GenBank Accession #U72689; Weth et al.,
receptor gene repertoire. Because genes closely related 1996), receptor 2.6 corresponds to ORZF 11 (GenBank Accession
#U44440; Byrd et al., 1996), and receptor 13 corresponds to OR 8by sequence are more likely to share regulatory features
(GenBank Accession #U72690; Weth et al., 1996).than genes that are highly divergent, it is striking that
odorant receptor subfamily members are expressed in
RNA In Situ Hybridizationsdistinct subpopulations of cells. These results are con-
RNA in situ hybridizations (Wilkinson et al., 1987a; 1987b) were
sistent with the hypothesis that olfactory neurons ex- carried out with 33P-labeled antisense RNA generated from full-
press only one receptor per cell and have evolved this length cDNA templates, except for receptor 2.5, for which we used
restriction to enhance odorant discrimination capabil- a PCR insert corresponding to the coding region found between
TM 3 and TM 7. Labeled antisense RNAs were hybridized to 10ities.
mm thick wax sections of staged zebrafish embryos, washed, and
scored as described (Barth et al., 1996).Experimental Procedures
Double-label RNAin situ hybridizations were carried out with mod-
ifications of existing protocols (Wilkinson et al., 1987a; Schaeren-Construction and Screening of a Zebrafish Olfactory
Wiemers and Gerfin-Moser, 1993). Briefly, receptor cDNAs werecDNA Library
used as templates for making antisense 33P- and digoxigenin-Poly(A)1 RNA was prepared from adult zebrafish olfactory rosettes.
labeled RNA probes. Tissue sections were cut to 20 mm thicknesscDNA was synthesized using an oligo(dT) primer, and double
from fresh frozen adult zebrafish heads, fixed in 4% paraformalde-stranded DNA was cloned directionally into Lambda Ziplox arms
hyde/0.1 M phosphate buffer, and acetylated with 0.2% acetic anhy-(BRL) via 59 Sal I and 39 Not I restriction sites. The total complexity
dride. Due to the fragility of the zebrafish olfactory rosette, it wasof the library is about 1.3 3 106, with an average insert size of 1.7
not possible for us to obtain sections thinner than 20 mm withoutkb. To identify full-length cDNAs, filters representing 1±2.5 3 106
compromising the structure of the tissue. Prehybridization was per-clones were probed with PCR products corresponding to a portion
formed at room temperature for 2±6 hr using the hybridization solu-of the odorant receptor coding regions (Barth et al., 1996). cDNAs
tion described previously (Wilkinson et al., 1987a; 1987b). 33P-were sequenced using a Pharmacia ALFexpress automated DNA
labeled receptor probes (1 3 108 cpm/ml) and digoxigenin-labeledsequencer. Sequences were analyzed with MacVector and Assem-
receptor probes (1±2 mg/ml) were annealed to sections for 12±14blyLign software.
hr at 558C. Slides were washed in 0.23 SSC at 728C for 1 hr, RNase-
treated with 5 mg/ml RNase A at 378C for 30 min, rinsed, and sub-Construction and Screening of a Zebrafish Genomic
jected to a final high stringency wash in 0.23 SSC at 728C. SlidesBAC Library
were treated essentially as described (Schaeren-Wiemers and Ger-Genomic DNA was isolated from a single adult male zebrafish of
the AB strain. The fish was bled into cold phosphate-buffered saline, fin-Moser, 1993) for antibody incubations and alkaline-phosphatase
Neuron
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developing. Finally, slides were dehydrated and exposed to Kodak Buck, L., and Axel, R. (1991). A novel multigene family may encode
odorant receptors: a molecular basis for odor recognition. Cell 65,NTB-2 or NTB-3 emulsion for 2±10 weeks.
Quantitation of receptor probe localization was performed blind. 175±187.
Slides were coded and scored according to the number of 33P- Byrd, C.A., Jones, J.T., Quattro, J.M., Rogers, M.E., Brunjes, P.C.,
labeled cells, the number of alkaline phosphatase-labeled cells, and and Vogt, R.G. (1996). Ontogeny of odorant receptor gene expres-
the number of overlapping signals. Data from individual experiments sion in zebrafish, Danio rerio. J. Neurobiol. 29, 445±458.
were retained only if there was .80% correspondence of 33P and Chess,A., Simon, I., Cedar, H., andAxel, R. (1994). Allelic inactivation
digoxigenin signals on control slides, which were hybridized to a regulates olfactory receptor gene expression. Cell 78, 823±834.
single receptor probe labeled with both tracers. Although the dou-
Colbert, H.A., and Bargmann, C.I. (1995). Odorant-specific adapta-ble-label experiments seemed to depress the total number of neu-
tion pathways generate olfactory plasticity in C. elegans. Neuronrons we could detect by in situ hybridization by about 50% (data
14, 803±812.not shown), both digoxigenin- and 33P-labeled probes were equally
Freitag, J., Krieger, J., Strotmann, J., and Breer, H. (1995). Twoaffected by our hybridization conditions. In a typical experiment,
classes of olfactory receptors in Xenopus laevis. Neuron 15, 1383±material from three to six fish was scored for each pair of receptors.
1392.The calculation of the frequency of receptor probe colocalization
(% colocalization 5 [(# of cells colabeled with probes y and z)/(# of Glusman, G., Clifton, S., Roe, B., and Lancet, D. (1996). Sequence
cells labeled with probe y alone)] 3 100) was determined for each analysis in the olfactory receptor gene cluster on human chromo-
slide. For each comparison, the values for the denominator of this some 17: recombinatorial events affecting receptor diversity. Geno-
equation were derived from some experiments in which probe y was mics 37, 147±160.
labeled with 33P and others in which it was labeled with digoxigenin; Grosveld, F., van Assendelft, G.B., Greaves, D.R., and Kollias, G.
results from experiments using different labels for probe y were (1987). Position-independent, high level expression of the human
combined and used to calculate mean values (values from these b-globin gene in transgenic mice. Cell 51, 975±985.
different experiments can be treated equivalently, since we retained
Hart, A.C., Sims, S., and Kaplan, J.M. (1995). Synaptic code fordata only from experiments in which we observed at least 80%
sensory modalities revealed by C. elegans GLR-1 glutamate recep-
colocalization when using a control probe labeled with both tracers).
tor. Nature 378, 82±85.
For example, to evaluate the extent of colocalization of receptor 2
Issel-Taver, L., and Rine, J. (1996). Organization and expression ofand receptor 2.2 signals, on each of three slides we observed that
canine olfactory receptor genes. Proc. Natl. Acad. Sci. USA 93,0/57, 0/93, and 4/101 of receptor 2-labeled cells were also labeled
10,897±10,902.with receptor 2.2. Thus, from this comparison, the mean value for
Kaplan, J.M. (1996). Sensory signaling in Caenorhabditis elegans.receptor 2/receptor 2.2 colocalization is 1% 6 1% (6 SEM; n 5 3
Curr. Opin. Neurobiol. 6, 494±499.slides), with a total of 259 receptor 2-labeled cells scored (see Table
1, first column, second row). Lancet, D., and Ben-Arie, N. (1993). Olfactory receptors. Current
It should be noted that long autoradiographic development times Biology 3, 668±674.
occasionally revealed a slight increase in silver grain density over Leibovici, M., Lapointe, F., Aletta, P., and Ayer-Le Lievre, C. (1996).
a subpopulation of digoxigenin-labeled cells. Because we only ob- Avian olfactory receptors: differentiation of olfactory neurons under
served this phenomenon in the longest exposures (10 weeks) of normal and experimental conditions. Dev. Biol. 175, 118±131.
slides from experiments demonstrating the strongest signals, these
Maricq, A.V., Peckol, E., Driscoll, M., and Bargmann, C.I. (1995).
signals may reflect a low level of receptor cross-hybridization rather
Mechanosensory signalling in C. elegans mediated by the GLR-1
than the expression of multiple receptors per cell. Given the weak
glutamate receptor. Nature 378, 78±81.
intensity as well as the uncertain origin of these signals, these cases
Nef,P., Hermans-Borgmeyer, I., Artieres-Pin, H., Beasley, L., Dionne,were not included in the quantitation tabulated in Table 1.
V.E., and Heinemann, S.F. (1992). Spatial pattern of receptor expres-
sion in the olfactory epithelium. Proc. Natl. Acad. Sci. USA 89, 8948±Acknowledgments
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